
Electrochimica Acta 487 (2024) 144197

Available online 30 March 2024
0013-4686/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Exploring the reactivity of Na3V2(PO4)3/C and hard carbon electrodes in 
sodium-ion batteries at various charge states 

Ijaz Ul Mohsin a,*, Andreas Hofmann b, Carlos Ziebert a 

a Institute of Applied Materials – Applied Materials Physics (IAM-AWP), Karlsruhe Institute of Technology, Karlsruhe, Germany, Hermann-von-Helmholtz-Platz 1, 
Eggenstein-Leopoldshafen 76344, Germany 
b Institute for Applied Materials – Materials Science and Engineering (IAM-WK), Karlsruhe Institute of Technology, Karlsruhe, Germany   

A R T I C L E  I N F O   

Keywords: 
Sodium battery 
Calorimetry 
Thermal stability 
States of charge 
Evolved gases 

A B S T R A C T   

The interest in post-lithium batteries as an alternative to lithium-ion batteries boosted recently due to their 
substantial abundance, low cost, inherent safety, and sustainability. In recent years, the crucial need for the 
improvement of battery safety has been emphasized and safety remains a critical barrier for post-lithium tech
nology. Therefore, the thermal stability and reaction enthalpies of electrochemically de-sodiated sodium vana
dium phosphate (Na3V2(PO4)3/C) positive electrode and commercial coconut-shell derived hard carbon (HC) at 
various states of charge (SOCs) were systematically investigated. This study employed the 3D Tian-Calvet 
calorimeter (C80) and thermogravimetric analysis coupled with mass spectrometry (TGA-MS), to gain compre
hensive insights into the thermodynamic aspects of these materials. Thermal stability of electrode materials at 
distinct sodiation / de-sodiation states draws great attention in cell design and is one of the reasons for the strong 
state of charge (SOC) dependence of the thermal runaway phenomenon, which represents the most critical safety 
issue for batteries. This combined experimental approach provides a comprehensive understanding of thermal 
stability and associated reactions in both, sodium vanadium phosphate (NVP) and hard carbon (HC) electrodes. 
NVP/C reacts with the electrolyte between 150 and 300 ◦C, releasing ~400 J/g heat, although it thermally 
decomposed beyond 150 ◦C. The sodiated HC initiates decomposition at 100 ◦C, releasing ~750 J/g heat in two 
steps in a reaction to the electrolyte. These data can facilitate optimizing the design of thermal management 
systems according to the cell’s thermal performance.   

1. Introduction 

The thermal stability of cathode materials poses a significant chal
lenge when battery size is upscaled for energy storage applications. 
Sodium-ion batteries raise safety concerns compared to lithium-ion 
batteries, mainly attributed to the lower melting point of pure sodium 
and its higher reactivity compared to lithium [1]. Various studies [2–8] 
have focused on assessing the thermophysical properties of 
lithium-based cathode materials at varying temperatures, commonly 
encountered in the production of lithium-ion batteries. Lim et al. [9]. 
and Jin et al. [10]. have explored the thermal stability of sodium-based 
cathode material (NASICON) alongside electrochemical performance. 
Zhao et al. [11]. delved into investigating the thermal properties of the 
α-NaFeO2 cathode for Na-ion batteries, employing a combination of 
liquid electrolytes. They demonstrated the reaction kinetics with vary
ing amounts of liquid electrolyte. Recently, Kobayashi et al. [12]. 

determined the temperature-dependent lattice constants, thermal 
expansion, and z-coordinates of P2- and O3-type NaxMO2 cathode ma
terial. Furthermore, Bak et al. [13]. conducted a study on the thermal 
stability of charged 

Na1-xMO2 cathode materials, enabling the simultaneous observation 
of structural changes and evolved gas species, especially O2, during the 
thermal decomposition of charged cathode materials. Thermal cycling 
and oxidation behaviour of the nanostructured ceramic has also been 
studied [14,15]. Despite these advancements, a detailed thermal char
acterization and a study of the reactivity with binder at different states 
of charge of sodium cathode/anode materials remains an area of active 
interest. 

The thermal stability of de-lithiated lithium-layered oxide materials 
has been thoroughly examined through a variety of techniques, among 
which thermogravimetric Analysis (TGA) combined with mass spec
troscopy and differential scanning calorimetry (DSC) are prominent 
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[16–18]. In these studies, the Li-NMC compounds exhibit significantly 
higher onset temperatures and reduced heat release during the 
exothermic reaction compared to the Li/Mn-rich compounds after 
activation. A higher manganese content appears to have adverse effects 
on both, high-rate performance and thermal stability. The structural 
evolution of silicon anode during lithiation and de-lithiation is system
atically examined through isothermal calorimetric methods [19]. The 
enthalpy of crystallization of Li15Si4 is quantified, and the parasitic ef
fects, such as the heat of side reactions in pure silicon, are reported. The 
anode, especially a carbon-based anode, poses a potential hazard for 
sodium batteries due to the free energy of combustion associated with 
carbon as reported in lithium batteries [20]. Therefore, the safety of 
sodium batteries relies also on the intricate interactions among all the 
cell components especially the sodiated anode e.g., HC. 

In this study, our emphasis is to investigate the interactions among 
cathode/anode materials at different states of charge with the electro
lyte and binder system. The thermal behaviour of the materials, both 
with and without electrolyte (1 M NaClO4 in EC:DMC:EMC = 1:1:1 + 2 
wt.% FEC), was examined using 3D Tian Calvet calorimetry (C80) and 
thermogravimetric analysis coupled with mass spectroscopy (TGA-MS). 
Furthermore, the reactions involving NVP/C and HC with the electrolyte 
were extensively explored through sealed-container experiments and 
respective enthalpies were calculated. The obtained results reveal a 
notable state-of-charge-dependent potential for reactions between NVP/ 
C and the electrolyte, as well as between HC and the electrolyte. The 
analysis focuses on understanding how Na3V2(PO4)3/C and hard carbon 
electrodes respond to different charge states, with a particular emphasis 
on thermal behaviour. The findings will contribute to a comprehensive 
understanding of the electrochemical and thermal aspects of these 
electrodes, aiding in the development of safer and more efficient 
sodium-ion battery technologies. 

2. Experimental procedure 

The anode material for electrochemical tests was prepared by 
combining active material (HC, Kuraray kuranode), styrene butadiene 
rubber/carboxymethyl cellulose (SBR (BM-4xx (Zeon) /CMC 
(MAC500LC (Nippon Paper)), and carbon black (TIMCAL C-NERGY 
Super C65 (Imersy)) at a weight ratio of 93:5.6:1.4 using water as a 
solvent and details about binder materials manufacturers and process 
can be found in [21,22]. For the cathode materials, a mixture of 
self-synthesized active materials (NVP/C) containing 9.8 % carbon [23], 
PAA/SBR/CMC, and carbon black was prepared at a weight ratio of 
92:6:2 in water solvent. The summarized information is presented in 
Table 1. 

Both slurries were cast on an aluminum foil current collector and 
then dried and calendared. The electrodes, with 10–11 mg cm− 2 (cath
ode), 5–6 mg cm− 2 (anode) loading of active materials, were assembled 
in 2032-type coin cells (MTI Corp. USA) in an Ar-filled glovebox. The 
commercial electrolyte was 1 M NaClO4 in a 1:1:1 vol ratio of ethylene 
carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl carbonate 
EMC plus 2 vol.% fluoroethylene carbonate (FEC). The formation pro
cedure of the sodium-ion cells for calorimetry and thermal studies 

consisted of three full charge-discharge cycles using the calculated ca
pacity and a BioLogic cycler (Germany). Then each cell was charged and 
discharged at 25 ◦C using their measured capacity. After the formation 
of cells, different states of charge of Na3V2(PO4)3/C and HC were ob
tained by electrochemical de-sodiation/sodiation from 2.3 to 3.9 V and 
from 2.0 to 0 V, respectively, at C/10 current rate. Afterwards, the coin 
cells with different states of charge adjusted were carefully disassembled 
inside an Ar-filled glovebox. Then, immediately respective electrodes 
were thoroughly rinsed in dimethyl carbonate (DMC) solvent for ther
mal studies without electrolyte. Subsequently, all rinsed electrodes were 
dried at 60 ◦C for 24 h under a vacuum of 10− 3 bar inside the Ar-filled 
glovebox. The electrodes were studied including the current collector 
(aluminum foil) with the purpose of not changing the electrode system 
drastically. The harvested electrodes were analysed at six distinct states 
of charge i.e., 0 %, 20 %, 40 %, 60 %, 80 %, and 100 %. The thermal 
stabilities and gas evolution of the samples were examined by ther
mogravimetric analysis (TGA) coupled with mass spectrometry (MS) 
(Netzsch Jupiter 449 F3). Samples were loaded in an alumina crucible 
and heated at the rate of 5 K min− 1 under an argon flow of 50 ml min− 1. 
The dried samples were carefully sealed inside a small container within 
the glovebox before being transported to the TGA. 

For the 3D calorimetric experiments, the pristine electrodes were 
tested with and without electrolyte. The charged electrodes were tested 
along with the electrolyte right after the cells were disassembled. The 
electrodes were directly sealed in the small cylindrical container 
without washing inside the glovebox. The samples were analysed in a 3D 
Tian-Calvet (Setaram Instruments) using a temperature scan rate of 0.5 
K min− 1 from 25 ◦C to 300 ◦C. The heat flow signal was measured for the 
entire sample (mass of electrodes plus mass of electrolyte, subtracting 
the mass of current collector (aluminum foil)) for both positive (NVP/C) 
and negative (HC) electrodes. The measured enthalpies were normalized 
by the total weight of the solid sample (without aluminum foil) as well as 
considering the mass of the liquid electrolyte. 

3. Results and discussion 

To elucidate the electrochemical characteristics of the electrode 
materials, half-cells in coin-cell configuration of respective materials 
were assembled and formatted by three complete cycles. Fig. 1 depicts 
the standard voltage profiles of NVP/C (theoretical capacity 

117 mAhg− 1) versus sodium (Fig. 1a) and HC (theoretical capacity 
350 mAhg− 1) versus Na (Fig. 1b), along with the corresponding galva
nostatically measured capacities of respective coin-cells and coulombic 
efficiencies (CE). The measured capacity of NVP/C (15 mm diameter 
disc) is 2.1 mAh (activable capacity of ~104 mAhg− 1) and of HC is 2.6 
mAh (activable capacity of ~265 mAhg− 1) after irreversible capacity 
loss of around 14 %. 

Before proceeding into the examination of coated electrodes, the 
thermal stability of pristine electrode materials (as received) and the 
binder system (as received) employed in the slurry fabrication process 
were investigated under argon atmosphere. Fig. 2 presents the ther
mogravimetric analysis (TGA-MS) data for NVP/C powder (as received) 
and HC powder (as received), while Fig. 3 illustrates the thermal char
acteristics of the individual binder components. In the case of NVP/C 
material (Fig. 2a), a distinct H2O peak is evident at 100 ◦C, corre
sponding to absorbed water or moisture. Subsequently, a second mass 
loss begins at an onset temperature of 800 ◦C, indicative of the thermal 
decomposition of the compound (NVP/C), leading to the evolution of CO 
molecules through the carbon reaction with the oxygen present in the 
compound. Notably, NVP/C exhibits a remarkable thermal stability up 
to 800 ◦C under argon atmosphere. 

For HC (Fig. 2b), the initial mass loss is attributed to the release of 
water/moisture, represented by a sharp H2O peak observed between 
100 − 150 ◦C. Subsequently, slower mass loss above 400 ◦C is probably 
related to partial decomposition of carbonaceous residues [24], result
ing in the evolution of CO/CO2 molecules through the carbon reaction 

Table 1 
Electrodes slurry formulation.  

Recipe Contents (wt. 
%) 

Recipe Contents (wt. 
%) 

NVP/C 92.03 HC 93 
Polyacrylic acid (PAA) 2.3 Carbon 

black 
1.40 

Carbon black 2.0 CMC 1.87 
Carboxymethyl cellulose 

(CMC) 
0.92 SBR 3.73 

Styrene butadiene rubber 
(SBR) 

2.75    
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Fig. 1. Operating voltage profiles of NVP/C and HC vs. Na/Na+ corresponding electrodes vs. measured capacities. The accompanying Coulombic Efficiency (CE) is 
shown in the insets. 

Fig. 2. Thermal stability of (a) pristine NVP/C powder material and (b) HC powder material under argon atmosphere.  

Fig. 3. Thermal stability of binder components are shown: (a) water-suspension of styrene butadiene rubber (SBR), (b) carboxymethyl cellulose (CMC), (c) poly
acrylic acid (PAA) under argon atmosphere. 
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with the H2O present in the compound. 
The abrupt mass reduction observed at 100 ◦C in SBR (Fig. 3a) is 

attributed to a significant water loss. SBR is initially in a suspension form 
in a water solvent, exhibiting thermal stability up to 350 ◦C. Beyond this 
temperature, the release of hydrocarbon gases occurs. Conversely, the 
CMC demonstrates an initial minor water loss at 100 ◦C, followed by 
decomposition at 250 ◦C, resulting in a substantial 60 % mass loss 
extending up to 550 ◦C (Fig. 3b). Similarly, PAA (Fig. 3c) exhibits 
comparable thermal mass losses, with an 80 % reduction observed up to 
550 ◦C. The evolved gases are summarised in Table 2. 

Moreover, when electrode materials are blended with binder com
ponents and coated onto an aluminium sheet, it signifies the occurrence 
of reactions between the electrode materials and the binder components. 
In the TGA data (Fig. 4a), a pronounced weight loss is observed between 
300 ◦C – 350 ◦C, indicating the decomposition reaction involving water 
and hydrocarbon molecules, resulting in a 6 % total mass loss. Despite 
the total binder components constituting only ~6 % in the coated NVP/ 
C sheet, the TGA profile up to 550 ◦C reveals incomplete mass losses in 
the binder system, evident from residual masses observed in each binder 
component (Fig. 3) i.e., rest mass 1.37 % SBR (40 % from total), 0.36 % 
CMC (39 % from total) and 0.46 % PAA (20 % from total). This suggests 
that some of the conductive carbon (carbon black) within the slurry 
actively participates in reactions with the binder system. On the con
trary, the HC-coated sheet in Fig. 4b exhibits an earlier onset of mass loss 
at 150 ◦C, attributed to the release of water molecules. This occurrence 
indicates the thermal decomposition of the binder, ruling out water 
absorption as a cause, given that the electrodes were thoroughly dried at 
60 ◦C for 24 h in the glovebox under 10− 3 bar. The released oxygen 
(although intensity is low to detect) combines with protons, resulting in 
the formation of H2O, also seen in PAA binder (Fig. 3c). To ensure the 
reliability of the results, the measurements were duplicated to assess the 
homogeneity of the coated sheet. The difference in mass change of 
pristine electrode is ±0.04 % and at SOC100 % is ±0.15 % (Fig. S1). 
Subsequently, a complex thermal decomposition of the binder and its 
reaction with carbon occur, leading to the substantial evolution of CO/ 
CO2. Despite the total binder content being 5.6 % and 1.4 % carbon 
black, a total mass loss of ~8.5 % is observed. This implies that some of 
the HC also actively participates in the reaction. 

After disassembling the coin cells at various charge states, the elec
trodes were purified by washing with DMC and thoroughly dried under 
vacuum of 10− 3 bar for 24 h at 60 ◦C. Thereafter, the thermal stability of 
the corresponding electrodes was studied in a manner similar to that of 
pristine electrode materials. A noticeable early onset of mass loss at 100 
◦C was observed in all charge states (Fig. 5). Even at a state of charge 
(SOC) of 0 %, the same trend was observed for all NVP/C electrode 
sheets, revealing the reactivity of the formed cathode electrolyte inter
phase (CEI) with the binder system. This is also observed with NVP 
material with PVDF binder which is most probably a result of a surface 
reaction with PVDF or cathode–electrolyte interphase (CEI) components 
[25]. The binder components, which contain a hydroxyl group (OH), 
react with protons, forming water molecules at this temperature. This 
reaction is evident even at SOC 0 %, indicating the involvement of CEI in 
accelerating reactions that lead to the evolution of hydrocarbon and 
CO/CO2 gases (Fig. 5). The mass spectrum of SOC 100 % was combined 
in Fig. 5, as the state-of-charge-dependent mass loss trend was consistent 

with the other states. This weird effect was not observed in the pristine 
electrode, as shown in Fig. 4a. The intensity of the reaction tends to 
decrease beyond 250 ◦C, contributing to a small amount of mass loss (i. 
e., 3 %) after 250 ◦C. Fig. 5 illustrates that mass loss increases with the 
state of charge, consistent with the expected lower thermal stability of 
the pristine cathode material due to the higher number of vacancies in 
the crystal lattice [26,27]. A similar trend with various states of charge 
was also reported for Prussian blue analogues material for sodium-ion 
batteries [28]. It should be noted, however, that in the X-ray analysis, 
when the charged NVP/C electrode was heated at an intermediate 
temperature range, the sodiated phase was observed [29]. Observed 
phases were close to the intermediate composition of Na2V2(PO4)3, 
which indicates an incomplete phase transition. An increase in vacancies 
in the lattice causes a decrease in thermal stability because it disrupts the 
crystal structure, enhances diffusion processes, weakens mechanical 
properties, potentially undergoes phase transformations due to redox 
reaction, and alters thermal expansion/contraction behaviour. 

In the case of HC, a completely opposite trend was observed. Sepa
rately TGA-MS measurements of each harvested HC are given in sup
plementary information (Fig. S2). The thermal stability of the HC 
electrode demonstrated an increase with the states of charge, indicating 
that the polymeric binder formed complexes with sodium ions, thereby 
stabilizing the harvested HC electrode until 550 ◦C (Fig. 6a). To inves
tigate whether this effect was solely attributed to the water-based binder 
system, a slurry with an organic solvent-based PVDF binder (with the 
same binder contents e.g., carbon black 1.40 wt.%, PVDF 5.60 wt.%) 
was additionally prepared, and an HC electrode was fabricated on 
copper (Cu) current collector. The pristine PVDF-HC electrode shows 
first mass loss onset temperature of 120 ◦C (evolved H2O molecules) 
followed by second mass loss beyond 400 ◦C which is typical for PVDF 
binder (Fig. S3). A systematic thermal stability of the PVDF-based HC at 
equivalent states of charge was examined. Surprisingly, the same trend 
was identified; the PVDF binder-based HC also exhibited an increase in 
thermal stability with rising state of charge (Fig. 6b). The electrodes at 
different SOCs start to decompose at 300 ◦C despite of the thermal sta
bility of pristine PVDF binder is beyond 400 ◦C [30,31]. The total mass 
loss was found to be dependent on the mass gain after charging in the HC 
electrode (Fig. 6c). In the case of the water-based binder, the mass gain 
did not show remarkable changes, leading to no significant difference in 
states of charge at 60 %, 80 %, and 100 %. In contrast, the PVDF-based 
HC displayed a linear increase in mass gain, contributing to the overall 
mass loss at states of charge of 60 %, 80 %, and 100 %. An unclear mass 
gain was observed at 40 % state of charge for the water-based HC, 
yielding to the higher mass loss during the heating of this electrode. The 
XRD investigation which can also be found in the supplement (Fig. S4) 
shows the formation of some sodium carbides after formation step, 
which agrees well with literature XRD results [32,33]. Comparison with 
works of literature indicate the presence of sodium carbide, attributed 
by main peaks at 2 theta (Ɵ) values of approximately 22◦, 26◦, 30◦, 35◦, 
37◦, 39◦, 44◦, and 46◦ These peaks are attributed to sodium carbide. 
Additionally, the XRD pattern exhibits sharp, prominent peaks at 43◦

and 51◦, corresponding to pure copper. since the HC-PVDF slurry was 
coated on a copper foil substrate. 

According to Fig. S5 (supplementary), the pure electrolyte exhibits 
two exothermic reactions at peak temperatures of 253 ◦C and 274 ◦C 
which is in good agreement with literature of NaClO4 in carbonate sol
vents [34]. At temperatures above 250 ◦C, the electrolytes decomposed 
thermally, causing exothermic heat and it can be deduced that Na-salt 
electrolytes are more thermally stable than Li-salt electrolytes [34]. 
The released heat for these reactions is measured and calculated by 
integrating the corresponding peak area giving 4.5 J/g and 720 J/g 
respectively, which is due to the thermal decomposition [35,36]. Pure 
sodium perchlorate (NaClO₄) is known to undergo thermal decomposi
tion under elevated temperature beyond 450 ◦C [37–39] and decom
position results in the formation of sodium salt (e.g. NaCl) and oxygen 
gas (O₂) [40]. Gas chromatography-mass spectrometry (GC–MS) 

Table 2 
Evolved gases during binder thermal decomposition.  

Mass number Evolved gases 

2 H2 

18 H2O 
28 N2, C2H4, CO 
40 C3H4, Ar 
44 CO2, C3H6 

46 C3H8  

I.U. Mohsin et al.                                                                                                                                                                                                                               
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analysis confirmed the liquid composition of the electrolyte (Fig. S6). 
The vaporization temperatures of each solvent are reported as EC 244 
◦C, DMC 91 ◦C, EMC 107 ◦C [41], which further helps in interpretation 
of the reactions. The initial decomposition temperatures for the indi
vidual solvents are reported as follows: DMC exhibited a decomposition 
temperature of 247 ◦C and EMC at 264 ◦C [42] . Botte et al. [43] 
revealed that EC undergoes decomposition at 263 ◦C, producing gases 
such as CO2, O2, and H2. Additionally, EMC undergoes thermal 
decomposition in the presence of O2, occurring between 220 ◦C and 235 
◦C and generating mainly CO2 including the traces of O2 and H2 gases. 

When the electrode materials are heated in conjunction with the 
electrolyte, the heat released is found to be highly dependent on the 
ratio of the material to the electrolyte. To uphold experimental preci
sion, the use of fresh electrolyte was avoided and the electrodes with 
electrolyte were employed for subsequent experiments after disassem
bling. This approach, to include the mass of the existing electrolyte, was 
chosen to maintain consistency and ensure that the system remained 
unchanged. It is noteworthy that the fresh electrolyte incorporates the 
Solid Electrolyte Interphase (SEI) stabilizing additives (e.g., FEC in our 
case), which is consumed during the coin cell formation process. Uti
lizing fresh electrolyte in experiments could potentially alter the reac
tion mechanism due to the presence of such additive. Thus, such an 
approach is considered as non-realistic and might compromise the 
reliability and relevance of the experimental findings. 

To examine the thermal reactivity impact of electrolytes on pristine 
electrodes, namely NVP/C and HC with CMC-SBR binder system, a 
calorimetric investigation was conducted both with and without elec
trolyte. The calorimetric curves (refer to Fig. S7) indicate a negligible 
effect on HC, while demonstrating a notable thermal impact on NVP/C 
materials above 200 ◦C.The 3D calorimetric analysis of charged NVP/C 
electrodes at various state of charges reveals crucial insights, as depicted 
in Fig. 7. Notably, NVP/C initiates decomposition at 160 ◦C, releasing a 
noteworthy amount of heat of 300 J/g to 400 J/g upon heating. This 
indicates the thermodynamic instability of NVP/C at low sodium con
tent. Concurrently, Fig. 5 illustrates an obvious weight loss starting at 
150 ◦C, accompanied by the presence of H2O and O2 molecules in the 
residual gas, indicative of a decomposition reaction. The ensuing broad 

Fig. 4. Thermal stability of coated electrode sheet (a) NVP/C, (b) HC.  

Fig. 5. Thermal stability data of NVP/C at different states of charge: mass loss 
comparison with mass spectrum at a SOC of 100 %. 
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Fig. 6. Thermal stability data of harvested HC at different states of charge (a) HC with CMC-SBR binder, (b) HC with PVDF binder, (c) mass increment in both 
harvested-HC binder systems after cell disassembling and drying. 

Fig. 7. Heat generation of NVP/C electrode with electrolyte at different state of charge vs Na/Na+ measured with C80 3D Tian-Calvet calorimeter: (a) comparison of 
heat flow rate vs. temperature curves (b) corresponding calculated released energy. 

I.U. Mohsin et al.                                                                                                                                                                                                                               
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CO2 peak results from the reaction between hierarchically structured 
carbon with NVP [44,45] and the released oxygen atoms. Moreover, 
when NVP/C is subjected to electrolyte-induced heating, an exothermic 
peak commences at approximately 150 ◦C (Fig. 7a). Remarkably, the 
released heat surpasses 300 J/g, implying combustion reactions with the 
organic solvent. Thus, we can conclude that when NVP/C is fully 
charged, it starts to decompose at ~200 ◦C with a significant amount of 
oxidative gases i.e., CO2 (Fig. 5) and heat released which poses a po
tential safety hazard. Analysis of the calorimetric graph (Fig. 7a) reveals 
the relative stability of NVP/C below 160 ◦C. However, an additional 
state-of-charge-dependent exothermic reaction emerges between 100 ◦C 
and 120 ◦C, releasing ~10–50 J/g of heat, as illustrated in Fig. 7a and 7b 
as "step 1." Notably, this step 1 is absent at SOC0 %. Furthermore, in the 
first formation step (NVP/C against HC), some of the sodium content 
from NVP/C is consumed. Since NVP/C vs. HC is imbalanced capacity 
wise (Fig. S8) it shows similar values close to SOC40 % (~35 % irre
versible capacity on HC during cell formation) as well as an exothermic 
reaction (step 1), releasing 21 J/g heat. This exothermic reaction is 
attributed to the reaction between the NVP/C-CEI and the solvent. 
Importantly, considering that the solvent does not decompose within 
this temperature range, the released heat is conclusively linked to the 
interaction between NVP/C-CEI and the solvent. More reactive CEI 
components can be formed due to the high charge potential that ap
proaches the stability limit of carbonate electrolytes for sodium-ion 
batteries [25]. Accelerating rate calorimetry (ARC) studies by Xia 
et al., also showed the increase in reactivity of full de-intercalated 
NaxCoO2 with ethylene carbonate/diethyl carbonate (EC:DEC) solvent 
and NaPF6/EC:DEC electrolyte [46]. However, intermediate 
de-intercalation steps are not considered in that investigation and only 
self-heating rates were measured based on the reaction reactivity. Zheng 
et al., have studied the heat generation of Prussian blue materials at low 
and high temperature regions and unveiled the generated heat incre
ment with increase of de-sodiation, i.e. maximum heat released of 374 
J/g at SOC100 % [28]. However, there are exothermic peaks between 
125 ◦C − 150 ◦C visible in which they did not explained. we can’t 
conclude the specific trend of energy released (in 2nd step of NVP/C) 
depends on SOCs. The possible reason could be the cathode material 
reactivity with the electrolyte at this temperature is not dominant as the 
cathode material NVP/C is thermally stable at this temperature and 

seems less reactive even at low sodium contents. The reactivity of coated 
carbon/binders seems to be dominant which have the same amount in 
all electrodes at various SOCs. Nevertheless, the thermal stability of the 
cathode (NVP/C) also decreases at full charge state but at higher 
temperatures. 

In the case of HC-harvested electrodes, the SOC0 % exhibits singular 
exothermal peaks within the temperature range of 150 ◦C-160 ◦C 
(Fig. 8a). These peaks are attributed to the thermal decomposition of the 
solid electrode interphase (SEI) [47], with a released energy of ~208 
J/g. As temperatures ranged from 150 ◦C to 200 ◦C, sodiated HC and 
electrolytes produced the first mild exothermic heat. The peak was 
probably caused by the sodiated HC and electrolyte from SEI decom
position. It is also possible that the thermal degradation above 250 ◦C of 
excessive electrolyte contributed to the further exothermic heating of 
the mixtures [34] which was also seen in all-sodiated HC i.e. small 
exothermic curve upwards at 250 ◦C. Since the reaction is not accom
plished until 300 ◦C, enthalpies of this exothermic reaction could not be 
calculated. In contrast, the HC formatted against NVP (as illustrated in 
Fig. S7 for the full cell) demonstrates smaller exothermic peaks 
compared to SOC0 % vs Na, indicating a generated heat of ~100 J/g. 
This reduction in heat is attributed to the incomplete formation of SEI 
when there is an imbalance in the full cell configuration. As the state of 
charge (SOC) increases, a second set of peaks emerges between 80 ◦C to 
100 ◦C. The intensity of the first step (step 1) peak increases propor
tionally with the rise in SOCs from 60 % to 100 %. The second peaks 
(step 2) correspond to the SEI, and their intensities also exhibit an up
ward trend with increasing SOCs. The calculated energy for each 
respective peak is presented in Fig. 8b. Notably, the HC-harvested 
electrode displays a clear trend of incremental released energies for 
both steps, indicating an overall increase in heat release. At higher SOC 
levels, there is a decrease in the onset temperature and a significant 
increase in the self-heating rate, which was also reported for lithium-ion 
batteries [27]. These observations highlight the importance of consid
ering the impact of SOCs on thermal behaviour, with implications for the 
design and performance of sodium-ion batteries. As far as battery safety 
is concerned, the heat generated by reactions between charged anodes 
and electrolytes is the most crucial factor which is proved in current 
studies in terms of exothermic heat. 

The mass of electrodes and electrolyte, as listed in Table S1 in the 

Fig. 8. Heat generation of HC electrode with electrolyte at different state of charge vs Na/Na+: (a) comparison of heat flow rate vs. temperature curves (b) cor
responding calculated released energy. 
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supporting information, reflects the harvested electrodes used after 
opening the coin cells. It is noteworthy that no additional electrolytes 
were subsequently introduced. Therefore, under these conditions it is 
hard to determine the exact amount of electrolyte in the respective 
electrodes. 

4. Conclusion and outlook 

Using a 3D Tian-Calvet calorimeter in the temperature range of 25 ◦C 
to 300 ◦C, NVP/C and HC electrodes for Na-ion batteries were evaluated 
for safety risk at different state of charge by analysing the generated 
heat. In addition the thermal stability of these materials was investi
gated at different state of charge by TGA-MS. It was revealed that the 
exothermic decomposition of the electrolyte (1 M NaClO4 in EC:DMC: 
EMC = 1:1:1 + 2 wt.% FEC) between 270 ◦C and 280 ◦C can obscure the 
thermal signals from the materials. Consequently, it is crucial to limit 
the amount of electrolyte in such experiments. NVP/C exhibits the 
lowest stability, decomposing at 200 ◦C and releasing approximately 
800 J/g heat. Additionally, NVP/C reacts with the electrolyte between 
200 ◦C and 300 ◦C, releasing 400 J/g heat, although it does not exhibit 
the O2 evolution issue observed typically in layered oxide materials. HC 
initiates decomposition at 100 ◦C, releasing ~750 J/g heat. Conse
quently, the thermal stability of charged NVP/C materials follows a 
decreasing order with increasing states of charge (SOCs). Notably, 
sodiated HC electrode materials remain stable in the presence of higher 
sodium contents and show increase in enthalpies with increase in states 
of charge. In summary, our study provides new insights into the thermal 
behaviour of Na-ion battery cathode and anode materials, highlighting 
the importance of considering binder systems and electrolyte limitations 
in such investigations. 

The findings from this investigation will be incorporated into the 
prominent cell level formats such as sodium pouch and 18,650 cylin
drical cells. Moreover, the state-of-charge-dependent thermal runaway 
events shall be identified. The self-heating rates corresponding to 
different SOCs will elucidate the intensities of self-triggered exothermic 
reactions. 
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